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Abstract 
In this study, an improved contact model in revolute joint with clearance is established by considering the axial dimension of the 
joint, energy dissipation and the nonlinear power exponent from material. The friction effect is described using the modified 
Coulomb friction model. Then simulation is carried out to investigate the influence of clearance size, input driving torque, and 
friction coefficient on impact dynamics of development for solar panel with cylindrical clearance joint. The results show that the 
effect of the clearance size, input driving torque and friction coefficient on angular displacement is slight, but obvious on angular 
velocity, and extraordinarily obvious on the joint reaction force, which may effects the accuracy and dynamic stability of the 
system, even induce the dynamic behavior of system tends to be nonlinear.  
© 2014 The Authors. Published by Elsevier Ltd. 
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Nomenclature 
¢(deg)                angular displacement 
¹(deg/sec) angular velocity 
F (Newton) contact force 
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1. Introduction 
In general dynamic analysis of spacecraft system, such as dynamics of development for solar panel, it is assumed 
that the kinematic joints are ideal or perfect, that is, clearance, deformation, wear and lubrication effects are 
neglected. However, all of the mechanical systems do not have perfect kinematic joints due to the manufacture and 
assemblage errors, and the influence of wear [1-5]. Such clearance is necessary to allow the relative motion between 
the connected bodies and to permit the components assemblage as well, but it also leads to degradation of the 
performance of mechanical systems. 
By dynamic simulation of spacecraft, Chen and Xu [6] studied the influence of deploying flexible appendages on 
the attitude of main body in ADAMS and Matlab/Simulink circumstance. Bai et al. [7] presented an approach for the 
effect analysis of the spacecraft attitude motion undergone the flexible solar panel development and locking. Wang 
et al. [8] analyzed several important problems such as deployment procedure of flexible appendages on complex 
spacecraft, and corresponding program and application software are introduced. However, these studies have less 
focus on the effects of clearances on the dynamics performance of the spacecraft system. Nurre G S et al. [9] and 
Olivier A et al. [10] indicated that contact force induced by the clearance in joints have a negligible influence on the 
dynamic characteristic of spacecraft. 
The paper focus on investigating the joint clearance effects on the dynamics characteristics of solar panel with 
cylindrical clearance. The contact dynamics model in the clearance is established based on the improved contact 
model, which considers the axial dimension of the clearance joint, energy dissipation and the nonlinear power 
exponent from material, and the friction effect also is considered using the modified Coulomb friction model. Then 
the dynamics model of small monoplane satellite system with cylindrical clearance is established and the large 
numbers of dynamics simulations are presented. Finally, the effects of clearance size, input driving torque and 
friction coefficient on the dynamics performance of development for solar panel are analyzed in detail. 
2. Modeling revolute clearance joint 
2.1. Modeling a joint clearance 
As described above, the existence of clearance in the joint of small monoplane satellite system is inevitable. The 
key to modeling revolute clearance joint lies in effectively describing relative motion between the joint elements, 
and making an accurate judgment whether contact appearance. Fig. 1(a) depicts a revolute joint with clearance, and 
the clearance c is defined as follows: 
i jc R R                                                                                                                  (1) 
Where Ri and Rj are the radii of the bearing and journal. 
 
Fig.1. (a) Revolute joint with clearance; (b) Types of journal motion inside the bearing boundaries; (c) Revolution joint clearance with contact. 
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There are three main modeling methods for revolute clearance joints, namely, the massless link approach, the 
spring-damping approach and the momentum exchange approach [11]. The third method is more widely used, as it 
truly depicts the contact effect by simulating the elasticity properties of contacting surfaces, and the dissipation of 
energy during the impact process, it also classifies the journal motion inside the bearing into three different models, 
the free flight mode, the contact or following mode, and the impact mode, which are illustrated in Fig. 1(b). 
According to Fig. 1(c), the XOY coordinate frame represents the global coordinate system. Rio and Rjo are the 
positional vectors of the bearing and journal. Point Oi indicates the center of the bearing and the center of the journal 
is denoted by the point Oj. The clearance vector is given by [12] 
e = o oij i jR R                                                                                                                                                (2) 
Where eij is the eccentricity vector that defines the distance between journal and bearing center, which can be 
stated as 
2 2e =ij x ye e                                                                                                                                           (3) 
The contact penetration depth can be shown by 
ije cG                                                                                                                                                     (4) 
When eij is bigger than c, the contact comes into between bearing and journal. 
In order to estimate the dissipation of energy during the impact process, the velocity between bearing and journal 
must be calculated, the relative velocities in the normal and tangential directions can be computed as 
nNv G                                                                                                                                                  (5) 
tTv G                                                                                                                                                    (6) 
Where t represents the unit tangential vector, it can be obtained by reversing the unit normal vector n for 90¤. 
2.2. Modeling of contact force  
It is crucial to evaluate the contact force efficiently and exactly, which is the basic for studying on the impact 
dynamics of development for solar panel with clearance joint. The expression of the contact force is generally as 
follows [13] 
C N TF F F                                                                                                                                              (7) 
where FN and FT are normal and tangential force component, respectively. So far, based on Hertz’s law, a variety 
of FN models have been proposed by Brändlein and his co-authors [14], Yang and Sun [15], Dubowsky and 
Freudenstein [16], and Goldsmith [17] et al, it is worth noting that all these FN models do not consider the energy 
dissipation during the contact process. In order to overcome the limitation above, Kelvin and Voigt [18], Hunt and 
Crossley [19], Lankarani and Nikravesh [20], Zhiying and Qishao [21], and Flores et al [11] researchers extended 
the Hertz’s law to accommodate energy dissipation in the form of internal damping. In particular, the model 
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developed by Lankarani and Nikravesh is widely used in dynamic studies of mechanical multi-body systems with 
clearance joints, and this model is expressed as [20] 
0
0 0
n
N K D
K DF F F G G GG
­  !   ® d¯                                                                                                    (8) 
Where FK represents the elastic force component, FD explains the energy dissipation. K and δ are the generalized 
stiffness parameter and the nonlinear power exponent from material and the geometric properties of contacting 
objects. D is the damping coefficient, and G is the relative impact velocity. The stiffness coefficient K is given by 
4
3 ( ) -
i j
i j i j
R R
K
R RS V V 
                                                                                                                     (9) 
In which the material parameters σi and σj are given by 
21 , ( , )ll
l
l i j
E
QV S
  
                                                                                                                          (10) 
And υi and υj are the Poisson’s ratio and Young’s modulus associated with each body, respectively. 
The damping coefficient is given as [17] 
2
( )
3 (1 )
4
n
rK cD G G 
 
                                                                                                                               (11) 
Where cr is the restitution coefficient and ( )G   is the initial impact velocity. 
However, the contact model of Lankarani and Nikravesh is only effective in the case of large clearance size with 
a small normal load [22]. Liu et al. [23] extended the Hertz contact law and presented a compliant force model, 
which was compared and validated with the results obtained with FEM analysis, and it also can be used to a wider 
range of impact conditions to meet different clearance and load. In this contact force model, the relationship 
between load and rigid body displacement can be expressed as 
*
1/2
' ( ) 02 2( )
0 0
K
E
F c
S G G GG
G
­ !° ®° d¯                                                                                                (12) 
Where δ is the relative indentation, c is the radial clearance size and the E*is the composite modulus of the 
colliding bodies, which can be expressed as 
2 2
* 11 1( ) ,( , )l l
l l
E l i j
E E
Q Q     
                                                                                              (13) 
But the contact model established by Liu et al. does not consider the nonlinear power exponent from material, 
and energy dissipation during the contact process. In order to overcome these limitations, based on the contact 
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model of Liu, the paper introduces an improved contact model, which considers energy dissipation, the nonlinear 
power exponent from material and the axial dimension of the joint, the improved contact model can be evaluated 
using the following expression 
*
1/21( ) 0
2 2( )
0 0
n
imp
Nimp Kimp Dimp
E L D
F F F c
S G G GG
G
­  !°   ®° d¯                                                           (14) 
Similar to the contact model of Lankarani and Nikravesh, the first term represents the elastic force and the second 
term explains the energy dissipation. Dimp is the improved damping coefficient and can be written as [24] 
2
max max max max
max max
max max
0 0
( ,0,0, , ) ( ) (3 2 ) 0impD Step D D
D
G
G GG G G GG G
G G
­ d°°   u®°° t¯                                 (15) 
Usually, the value of the δmax is 0.1mm, and the Dmax is the max damping coefficient relative to improved 
stiffness KN. The Dmax can be expressed as 
max ND KK                                                                                                                                        (16) 
The value of the η is aă ˁ[24], and the improved stiffness KN can be defined as 
*
1/2 1/2( ) 1 1 1( ( ) ( ) )
2 2( ) 4 2( )
n
kimp
N
F E L nK
c c
S G
G G G G
w  w                                                            (17) 
 
Fig.2. (a) Coefficient of friction varying with slips velocity; (b) Sketch map of small monoplane satellite system. 
The tangential friction FT, known as the Coulomb, is also crucial to depict the contact force. Classical Coulomb 
model does not refer the influence of relative slip velocity on tangential friction, so it does not accurately describe 
the conversion of friction between different states [25]. In recent years, Dubowsky [16], Rooney and Deravi [26], 
Threlfall [27], and Bai [28] et al. researchers modified the Coulomb model, established various new friction models. 
The paper used the Bai’s friction model, which is written as 
=- ( )T T NimpF v FP                                                                                                                                              (18) 
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Where μ (vT) is the friction coefficient relative to relative slip velocity vT that can be written as 
( ) | |>
( ) (| |, , , , ) ( )
( , , , , ) | |<
d T d
T d d s s s T d
T s s s s T s
sign v v v
v step v v v sign v v v v
step v v v v v
W
W W
P
P P P
P P
­° d d®° ¯                                                                 (19) 
Where, μd and μs are the dynamic friction coefficient and the max static friction coefficient, vd and vs are friction 
transition velocity and the stiction transition velocity. The Fig. 2(a) below shows the coefficient of friction varies 
with slip velocity [28] 
3. Numerical example of solar panel with cylindrical clearance joints 
Fig. 2(b) shows a typical small satellite system with monoplane which consists of satellite body and solar panel. In 
the model, solar panel and satellite body are connected by a revolute cylindrical joint with clearance. In this work, 
the satellite body and solar panel are considered as rigid body. The solar panel is driven by input torque, which is 
supplied by torsion spring. The input torque is expressed as 
0=T T kT                                                                                                                                   (20) 
Where T0 is the initial torque and k is the stiffness coefficient of the torsion spring, θ is the angle displacement of 
the solar panel. The initial coefficient of the torsion spring as follow, T0 is 0.135N.m, and k is 0.0015N.m/deg. 
The mass and inertia properties of the small monoplane satellite system are shown as Table 1. Table 2 presents the 
parameter used in the dynamic simulation. Table 3 presents the friction coefficient of lubricated and non-lubricated. 
Table 1 Mass and inertia properties of small monoplane satellite system. 
Description     Satellite body     Solar panel      
Mass (kg)       768.0         7.68            
JX (kg/m2)       104.96         1.6137          
JY (kg/m2)       81.92         0.4156          
JZ (kg/m2)        104.96         2.0293          
JXY (kg/m2)       0             0              
JYZ (kg/m2)      0              0              
JZX (kg/m2)       0             0              
Table 2 Parameters used in the dynamic simulations. 
Parameter                 Value                     
Coefficient η              1‰                      
Yong’s modulus             207GPa                       
Poisson’s ratio                0.3                           
Diameter of bearing          20mm                          
Width of bearing             16mm                        
Integration step size          0.0001s                         
Integration tolerance          0.00001s                       
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Table 3. Friction coefficient under lubricated and no lubricated. 
Description     lubricated          No lubricated        
Vs (mm/sec)       0.1                    0.1                  
Vd (mm/sec)         10                   10                   
ms                0.08                   0.3                     
md                0.05                   0.25                       
4. Numerical example of solar panel with cylindrical clearance joints 
This section contains extensive results obtained from computational simulations, which are based on the main 
functional parameters of the small monoplane satellite system, chiefly, clearance size, input driving torque, and 
friction coefficient. 
4.1. Influence of the clearance size 
The influence of the clearance size on the dynamic behavior of the solar panel is investigated in this section. 
 
 
Fig.3. Simulation results under different clearance: (a) Angular displacement of solar panel; (b) Angular velocity of solar panel; (c) Angular 
displacement of satellite; (d) Angular velocity of satellite 
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In Figs 3, 4, and 5, the solar panel angle displacement, angle velocity, and the satellite angle displacement, angle 
velocity, as well as the joint reaction force and the journal center trajectories are used to illustrate the dynamic 
behaviour of the solar panel when different clearance sizes are considered. The values for the clearance sizes are 
chosen to be 0.10, 0.25, and 0.50mm. Figure 3(a), (c) shows that the angle displacement curves of solar panel and 
satellite are almost coincident to the ideal curves when clearance sizes are chosen to be 0.10 and 0.25mm, and the 
error between actual curve and ideal curve becomes larger when clearance size is 0.5mm. It indicates that the 
clearance has slight effect on angle displacement. Figure 3(b), (d) shows that the effect of clearance on angle 
velocity is obvious. The angle velocity of solar panel and satellite are shaky around the ideal value, and the higher 
clearance size, the more obvious shake, which will have effect on the movement accuracy and dynamic stability. 
Figure 4 shows the joint contact force is strongly affected by the clearance. The contact force in clearance joint is 
obviously shaken and the amplitude is increased from the ideal joint, contact force becomes to impulse type. And 
the larger clearance size, the contact force convergence slower, resulting in more time spent in the panel to reach 
steady movement state.  
 
Fig.4. The joint reaction force under different clearance: (a) Ideal joint; (b) clearance joint 
Figure 5 shows that when the clearance size is increased, there are higher numbers of impacts take place between 
journal and bearing, which indicates the dynamic behaviour of system tends to be nonlinear when the clearance size 
is increased. 
 
Fig.5. Journal center trajectories under different clearance size: (a) c=0.25; (b) c=0.5 
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4.2. Influence of input driving torque  
The influence of the driving torque on the dynamic behaviour of the solar panel is investigated in this section. 
Define the clearance size is 0.5mm, the angle displacement of solar panel is 56.5¤, and the friction coefficient is 
consistent with 4.1. 
 
 
Fig.6. Simulation results under different driving torque: (a) Angular displacement of solar panel, (b) Angular velocity of solar panel, (c) Angular 
displacement of solar panel, (d) Angular velocity of solar panel 
 
Fig.7. The joint reaction force under different driving torque: (a) Ideal joint; (b) clearance joint 
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In order to study the effect of the driving torque on the dynamic behaviour of the solar panel, three different 
values for input driving torque were selected, T, 3T and 5T. The simulation results are shown in Figs 6, 7, and 8. By 
and large, the influence of the clearance joint on the output results is similar for three different driving torque 
simulations, that is, as the driving torque increases, the solar panel can quickly reach predetermined angle, but it also 
cause angle velocity curve and the joint reaction force curve shake significantly. In addition, for higher values for 
driving torque, the system’s behaviour tends to be more obvious nonlinear or chaotic. This conclusion can be 
confirmed in the journal center trajectories maps displayed in Fig.8. 
 
Fig.8. Journal center trajectories under different driving torque: (a) 3 times driving torque; (b) 5 times driving torque 
4.3..Inflence of the friction coefficient  
The influence of the friction coefficient on the dynamic behaviour of the solar panel is investigated in this section. 
Again, define the clearance size is 0.5mm, simulation time is 5s, and the input driving torque is T. 
In order to study the effect of the friction coefficient on the dynamic behavior of the solar panel, the simulation 
was performed with two types: non lubrication and lubrication. Figs 9(a), (c) shows that friction coefficient has less 
effect on angle displacement of the solar panel and satellite, and the simulation curve of lubricated and non-
lubricated is consistent. Comparing to angle velocity without lubrication, the simulation curve of lubricated has 
obvious shake, and this is due to without lubrication, the friction damping is lager, so the energy of the system, 
impact force and impact numbers are inhibited. This observation can be drawn by examination of Figs. 9(b), (d), 10 
and 11, respectively. 
 
 
 
1355 Wang Xu-peng and Liu Geng /  Procedia Engineering  99 ( 2015 )  1345 – 1357 
 
 
 
Fig.9. Simulation results under different friction coefficient: (a) Angular displacement of solar panel, (b) Angular velocity of solar panel, (c) 
Angular displacement of satellite, (d) Angular velocity of satellite 
 
Fig.10.  The joint reaction force under different friction coefficient: (a) Ideal joint; (b) clearance joint 
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Fig.11. Journal center trajectories under different driving torque: (a) 3 times driving torque; (b) 5 times driving torque 
Concluding remarks 
In order to study on impact dynamics for development of solar panel with cylindrical clearance joint, a general 
methodology for modelling and simulating clearance joint in small monoplane satellite system was presented and 
discussed throughout this work. Considering the axial dimension of the joint, the improved contact dynamics model 
in the joint clearance was established and the friction force also was considered using the modified Coulomb friction 
model. 
The main functional parameters of the small monoplane satellite system were used during the dynamics 
simulation, namely, clearance size, input driving torque, and friction coefficient. From the numerical simulations 
performed, it can be conclude that the clearance has obvious effects on the dynamics characteristics. (1)The effect of 
the clearance on angle displacement is slight, but obvious on angle velocity, and extraordinarily obvious on the joint 
reaction force, the joint reaction force is obviously higher than that without clearance. The angle velocity curve and 
joint reaction force curve of solar panel are shaky around the ideal value, and the higher clearance size, the more 
obvious shake. (2)Under the same clearance size and friction coefficient, the higher input driving torque can make 
the solar panel more quickly reach predetermined angle, but it also causes angle velocity curve and the joint reaction 
force curve shake significantly. (3)Under the same clearance and input driving torque, the higher friction force can 
effectively inhibit the joint reaction force, which can make the system reach stabilization more quickly. (4)Higher 
clearance size and input driving torque, and lower friction coefficient may induce obvious shake, and larger shake 
amplitudes of the angular velocity and the joint reaction force, which may effects the accuracy and dynamic stability 
of the system, even induce the dynamic behaviour of system tends to be nonlinear. 
Finally, it should be highlighted that the result presented in this paper does not consider the effect of the elasticity 
of the solar panel, in fact, it may tend to reduce the value of the angular displacement, and angular velocity as well 
as the joint reaction force, even change the entire behaviour of the system. 
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